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Abstract 
This article introduces the working principles of a spacecraft hatch including its operating process and moving trajectory. On 
this basis, an operating mechanism is designed to execute automatic open and close action of the hatch and measure the operating
torques. Analysis on the mechanism’s configuration and topological structure of each phase of movement proves that it is a typi-
cal variable freedom mechanism. The mechanism manipulates the hatch in accordance with the moving trajectory requirements 
through configuration transformation. Kinematic analysis and simulation of some typical configurations show that the velocity 
differences among mechanism components themselves and the components and their abutting components could exert influences 
on its working stability during configuration transformation. To solve the problem, stability conditions of configuration transfor-
mation are proposed. Appropriate control models are established for the output velocity curves of the driving servo motor and 
solved based on the stability conditions and rules of movement. Results from another simulation demonstrate that the proposed 
control models ensure smooth configuration transform and stable operation. 
Keywords: spacecraft hatch; mechanism; configuration transformation; variable freedom mechanism; stability 
1. Introduction1
Exposed to the vacuum environment, the spacecraft 
hatch is the only entry and exit port for astronauts tak-
ing extra-vehicular activity (EVA). It is vital to evalu-
ate and test the open and close characteristics of the 
hatch under the conditions of vacuum and high/low 
temperatures. However, repetitious manual operation 
of the hatch in such harsh environment proves imprac-
ticable. Therefore, an automatic mechanism to open 
and close the hatch and measure the operating torques 
must be developed. Because this mechanism must 
work in a narrow vacuum chamber and has to finish 
complex action in accordance with predetermined 
moving trajectory, it is difficult to devise on the basis 
of traditional theories.  
Till now, lots of new kinds of mechanisms, such as 
variable freedom mechanism[1-4], self-adaptive mecha-
nism[5] and so on, have been developed to make up for 
the deficiencies of traditional mechanism. Among 
them, variable freedom mechanism has the ability to 
have its structure transformed from one kind to another 
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to achieve different tasks under complex constraints. It 
has already found successful applications in some spe-
cial areas, such as robots and manufacturing[6-7]. Cur-
rently, the study of this mechanism involving the con-
figuration analysis and mobility analysis[8-9] is going 
on. However, this approach has its disadvantage in 
having velocity differences among mechanism com-
ponents themselves and the components and their 
abutting components during configuration transforma-
tion, thereby inducing serious unsteady in work. Re-
grettably, there are rarely published works on this sub-
ject[10-11].
This article develops a novel operating mechanism 
and analyzes it based on the theory of variable freedom 
mechanism. The mechanism whose characteristic is 
multi-configuration can operate the hatch and realize 
the complex moving trajectory by configuration trans-
formation. In compliance with the kinematic analysis 
and simulation of this mechanism, appropriate control 
models are constructed to ensure its steady behavior by 
eliminating velocity differences.  
2. Principles of the Hatch 
Fig.1 shows a scheme of the operating mechanism. 
The joint at A is a door-hinge representing a kind of 
variable freedom joint named pin-in-slot[12]. Compo-
nents 1, 2, 3, 4, and 5 denote a hatch, a rotational 
handspike, a transfer rod, a slider, and a doorframe 
Open access under CC BY-NC-ND license.
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fixed on the ground respectively connected with each 
other as illustrated in Fig.1. There are six mechanisms 
of similar construction composed of components 2, 3, 
and 4 disposed round the hatch. As they all work fol-
lowing the same kinematic rules, only one is shown in 
Fig.1. As shown in the figure, the moving plane of 
components 2, 3, 4, and 5 is parallel to XOY and that of 
component 1 to YOZ.
Fig.1  Structural diagram of the hatch. 
2.1. Opening and closing of the hatch 
The opening and closing process of the hatch can be 
described as follows. 
(1) The rotational handspike 2 rotates a fixed angle 
for making the slider 4 slip out of the doorframe 5 to 
unchain the connection between the hatch and the 
doorframe. At the same time, the compressed sealing 
ring between the hatch and the doorframe and the 
spring in the slot of pin-in-slot joint resume their origi-
nal states by the elastic force which lifts the hatch a 
little.
(2) When the hatch is unlocked, it is opened by force 
acting on position B.
Fig.2 shows the moving trajectory which is followed 
by the hatch in the above-cited process. The first step 
of opening makes the door move from the position a b
to the position ac bc; then at step 2 the hatch rotates to 
the position ac bs.
Fig.2  Moving trajectory of the hatch.
The closing process of the hatch is just the opposite. 
2.2. Pin-in-slot joint 
As a basic variable freedom joint, pin-in-slot joint 
structurally is shown in Fig.3. The joint comprises a 
pin and a slot with arrows denoting the direction of 
pin’s motion and indicating the number of degrees of 
freedom the joint possesses. Fig.3(a) shows the joint is 
performing both rotating and translating motions. 
When the pin reaches the end of the slot, it stops 
translating but remains rotating as shown in Fig.3(b). 
This is identified as being typical of the variable joint 
that varies from a cam pair to a rotating pair. Thus the 
number of degrees of freedom of the pin-in-slot joint 
changes from 1 to 2 and vice versa. 
Fig.3  Pin-in-slot joint. 
3. Operating Mechanism for the Hatch 
Fig.4 shows the opening and closing process of the 
hatch and its moving trajectory of the operating 
mechanism composed of components 6, 7, and 8. 
Fig.4  Operating mechanism for the hatch. 
As shown in Fig.4, component 8 driven by a servo 
motor is arranged to rotate the handspike 2. A torque 
sensor is disposed between the component 8 and the 
servo motor to measure the accurate operating torques. 
There is a contact constraint, called “temporary con-
straint”, which represents a kind of non-fixed connec-
tion between the components 8 and 2. It means that the 
constraint should be removed under some special con-
ditions. When the component 8 drives the handspike 2 
to move, they form a higher pair with a contact con-
straint. The constraint must be removed at the next step 
for there being a certain angle between the component 
2 and the hatch moving plane. Otherwise, the hatch 
movement will be obstructed by the component 8. 
Actions at the above-cited second step are realized 
by the components 6 driven by a servo motor and 7. 
The other pin-in-slot joints, used to connect the com-
ponent 7 and the hatch, act in the same manner.  
3.1. Analysis on configurations and kinematics of 
operating mechanism 
The mechanism operating process can be described 
in detail as follows. 
(1) Movement of rotational handspike 2 for unlocking 
the hatch 
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The component 8 drives handspike 2 to rotate by a 
certain angle to make the slider 4 out of the doorframe. 
Then it rotates by an angle in opposite direction to re-
move the “temporary constraint” on the rotational 
handspike 2. At the same time, the hatch moves up by 
the action of the above-cited spring and sealing ring. 
The upward movement of the hatch makes the bottom 
of the slot at position B contact with the pin, and the 
pin at position A moves to the top of the slot. In this 
process, the components 6 and 7 keep stationary.  
(2) Movement of opening the hatch 
The hatch keeps stationary for its special position 
and posture when the component 6 drives the pin at 
position B move from the bottom of the slot to the top. 
When the pin touches the top of the slot, the joint be-
comes a rotating pair. The components 6, 7 and the 
hatch constitute a planar four-bar linkage to open the 
hatch. 
The process of closing the hatch is just the opposite. 
From the above description, it is understood that the 
operating mechanism has four configurations in the 
whole process.  
ķ Configuration 1 
Driven by a servo motor, the component 8 rotates 
the handspike 2. In this configuration, the components 
2, 3, 4, 5, and 8 are active parts of the mechanism 
while the others keep stationary. Fig.5(a) shows the 
topological graphic of this configuration. The symbols 
PP, PR, and PH represent prismatic pair, revolute pair, 
and higher pair respectively. The number of degree of 
freedom F can be counted by 
l h3 2 3 4 2 5 1 1F n p p    u  u        (1) 
where n is the number of active components, pl the
number of lower kinematic pair, ph the number of 
higher kinematic pair. 
Fig.5  Topological graphic of each configuration. 
ĸ Configuration 2 
The component 8 rotates a certain angle to remove 
the “temporary constraint” on the component 2. At the 
same time, the upward movement of the hatch makes 
the pin-in-slot joints at position A and position B
transform into higher pairs. Fig.5(b) illustrates the 
topological graphic of this configuration with the 
number of degree of freedom F counted by 
2
h l
1
1 1 2i
i
F f p p
 
      ¦        (2) 
Ĺ Configuration 3 
A servo motor rotates the component 6 to move the 
pin to the top of pin-in-slot joint. The hatch remains 
stationary in this process for the pin exerts no force on 
it vertically.  
Fig.5(c) illustrates the topological graphic of this 
configuration with the number of degree of freedom F
counted by 
l h3 2 3 3 2 3 1 2F n p p    u  u        (3) 
At the moment, as the moving plane is vertical, the 
mechanism is a planar one. The basic coordinate sys-
tem XOY is constructed with the rotating center of the 
component 6 as the origin, the horizontal axis as X-axis
and the vertical axis as Y-axis (see Fig.6). Let l6 and l7
represent the length of components 6 and 7 respec-
tively, s the displacement from the origin to the pin, so
the length of slot, M1 the angle between the component 
6 and the Y-axis in negative direction, E the angle be-
tween the component 7 and Y-axis. The vector equa-
tion of this mechanism can be written into 
6 7  L L S                (4) 
Fig.6  Schematic illustration of configuration 3. 
The projections on X-axis and Y-axis of Eq.(4) are  
6 1 7
6 1 7
cos cos 0
sin sin 0
l l s
l l
M E
M E
   ½¾  ¿
         (5) 
By eliminating E from Eq.(5), it can be obtained  
2 2 2
6 1 7 6 1cos sins l l lM M           (6) 
Thus the pin’s equation containing velocity s and
acceleration s can be represented by  
1 1( , )s g M M                (7) 
1 1 1( , , )s h M M M                 (8) 
ĺConfiguration 4 
After the pin reaches the top of slot, the pin-in-slot 
joint at position B becomes a rotating pair, so the 
whole mechanism turns into a planar four-bar mecha-
nism. Fig.5(d) illustrates the topological graphic with 
the number of degree of freedom F counted by  
l h3 2 3 3 2 4 1F n p p    u  u      (9) 
The basic coordinate system XOY is constructed 
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with the X-axis extending from O to the door hinge 
(see Fig.7). 
Fig.7  Schematic illustration of configuration 4. 
Let l1, l6, l7, l9 represent the length of each compo-
nent, M 2 the angle between the component 6 and the 
normal, M7,9 the angle between the components 7 and 
X-axis, M9,1 the angle between the hatch and X-axis, J
the angle between X-axis and the normal. The vector 
equation of configuration 4 can be written into  
1 9 6 7  L L L L            (10) 
The projections on X-axis and Y-axis of Eq.(10) can 
be described by  
6 2 7 7 9 9 1 9 1
6 2 7 7 9 1 9 1
cos ( ) cos cos 0
sin ( ) sin sin 0
, ,
, ,
l l l l
l l l
M J M M
M J M M
     ½°¾    °¿
 (11) 
From Eq.(11), it can be obtained  
1 9 1 6 2
7 9
6
sin sin ( )
sin ,,
l l
l
M M JM         (12) 
From Eq.(11) and Eq.(12), and given cos M7,9=
2
7 91 sin ,M , the equation of M2 and M9,1 can be written 
into 
2 9 1 6 2
1 9,1 6 2
7
7
1 9,1 9
( , ) cos ( )
sin sin ( )
1
cos 0
,f l
l l
l
l
l l
M M M J
M M J
M
  
  
  (13)
Consequently, M9,1 can be solved if M 2 is a certain 
value. 
By differentiating the Eq.(13) with respect to time t,
it can be acquired the angular velocity equation and 
angular acceleration equation of the hatch.  
9,1 2 2( , )M Z M M              (14) 
9,1 2 2 2( , )M H M M M              (15) 
Therefore, the kinematic equation of the pin can be 
derived following the kinematic rule of the hatch. The 
velocity v and acceleration D can be expressed by  
1 9 1,v lM                (16) 
1 9 1,lD M                (17) 
From the above description, it is understood that the 
operating mechanism is a typical variable freedom 
mechanism, in which the operating process has to ex-
perience three configuration transformations with the 
active components and the number of degree of free-
dom alternating correspondingly. 
3.2. Kinematics simulation of operating mechanism for 
the hatch 
The driving components in the operating mechanism 
vary as the configuration varies excepting configura-
tions 3 and 4 sharing the common driving mode. 
Therefore, the movement from the configuration 3 to 4 
is chosen to be simulated for its continuity. 
The model of the operating mechanism in configu-
rations 3 and 4 is established with the following pa-
rameters by using ADAMS: l6 = 200 mm, m6 = 0.6 kg; 
l3 = 300 mm, m3 = 0.32 kg; l1= 850 mm, m1 = 20 kg; 
0M = 10 (q)/s; gravity acceleration g = 9.8 kg/s2. 0M
represents the angular velocity of component 6. m6, m7,
and m1 represent the mass of componets 6, 7, and 1 
respectively. 
Fig.8 shows the kinematic simulation results of the 
pin in pin-in-slot joint at position B (see Fig.4) and 
Fig.9 shows those of the hatch.  
Fig.8  Kinematic simulation of the pin in the case of uni-
 form driving mode. 
Fig.9  Kinematic simulation of the hatch in the case of uni-
 form driving mode. 
The simulation results show that configuration 
transformation occurs at the time t1 = 0.281 s. This 
mechanism follows the same kinematic rule as the 
crank-slider mechanism before the configuration 
transformation occurs, but since then, the mechanism 
acts with the configuration 4. A kink appears on the 
continuous velocity curve along X-axis of the pin, and 
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the velocity curve along Y-axis breaks because the pin 
bumps into the immobile hatch at the moment of con-
figuration transformation. 
As shown in Fig.9, the hatch keeps stationary before 
the configuration transformation. As soon as the con- 
figuration happens to transform, breaking point occurs 
on the angular velocity curve. 
The simulation results also demonstrate that with a 
unique driving mode, components of the mechanism 
need to abide by different kinematic rules for different 
configurations. As a result, the velocity differences 
among mechanism components themselves and the 
components and the abutting components during con-
figuration transformation will surely cause instability 
of the system. 
4. Research on Stability of Operating Mechanism 
4.1. Stability condition of configuration transformation 
Just as the simulation results have shown, velocity 
differences among mechanism components themselves 
and the components and the abutting components are 
mainly blamed for instability of the mechanism. This 
means that eliminating the velocity differences would 
ensure the working stability of the mechanism[11].
Since it is believed that the component 6 is driven 
by a servo motor which is able to acquire the required 
output curves of velocity, this article establishes ap-
propriate models to control velocity[13-16] of the servo 
motor so as to meet the requirements by the smooth 
configuration transformation. 
4.2. Establishment and solution of control models 
As a typical variable freedom mechanism, the oper-
ating mechanism, at present, has been paid little atten-
tion to by researchers with respect to its control mod-
els[9]. This article tries to fill this void. 
The original output kinematical conditions are 
0 3
0 3
39 3
0
t
t
.M M
M M
 
 
½  °¾  °¿
D
D            (18) 
where M represents the output angle of the servo motor, 
M its angular velocity. 
According to the requirements by smooth configura-
tion transformation, the constraint equations are  
0 281s 4
0 281s 4
42 11
0
t .
t .
.M M
M M
 
 
½  °¾  °¿
D
D 
         (19) 
The constraint equations of configuration 4 are  
1 686 s 5
1 686 s 5
56 16
0
t .
t .
.M M
M M
 
 
½  °¾  °¿
D
D 
         (20) 
where M3, M4, M5, which represent different angles be-
tween component 6 and the normal at different times 
respectively, can be calculated with the given dimen-
sions and positions of the relevant components.M ,
M ,M  represent the values of their angular velocity 
according to the stability condition of configuration 
transformation. 
 From the above analysis, it is known that the out-
put velocity curves of servo motor must satisfy the 
following requirements. 
(1) Accelerate the movement of the servo motor 
with configuration 3 at first, and then decrease its ve-
locity to zero before configuration transformation thus 
making the pin move as fast as the hatch to avoid col-
lision with each other. 
(2) Accelerate the movement of the servo motor 
with configuration 4.  
This article proposes a trigonometric function to be 
the control model as follows:  
1( sin( ))
(1 cos( ))
C t Dt
D
C Dt
M
M
½  °¾°  ¿
          (21) 
where C and D represent the coefficients to be fixed. 
By using Eq.(18), Eq.(19), and Eq.(20) to solve the 
Eq.(21), the control models of servo motor can be de-
rived as follows. 
The control model of configuration 3 can be written 
into 
(22)
The control model of configuration 4 can be written 
into 
 (23) 
Fig.10 and Fig.11 show the simulation results for the 
servo motor output kinematic curves expressed by 
Eq.(22) and Eq.(23). 
The simulation results show that the instantaneous 
velocities of pertinent components are in good agree-
ment during configuration transformation with the 
proposed control models of the servo motor, which 
renders the configuration transform smooth and the 
work of mechanism stable. 
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Fig.10  Kinematics simulation of the pin in the case of 
variable driving mode. 
Fig.11  Kinematics simulation of the hatch in the case of 
variable driving mode.
5. Conclusions
This article develops an operating mechanism which 
is a typical variable freedom mechanism for the space-
craft hatch with a basic variable freedom joint, ana-
lyzes its topological structure and performs a kinema-
tical simulation of each configuration. Stability condi-
tions required by configuration transformation are put 
forward to solve velocity differences among mecha-
nism components themselves and the components and 
their abutting components which are blamed for the 
unsteady operation of the mechanism. Based on this, 
appropriate control models for driving components are 
established to effectuate smooth configuration trans-
form. 
The process to analyze the configurations of the op-
erating mechanism and the kinematic rules proposed 
by this article can be used for reference in investigat-
ing variable freedom mechanism. Further, results from 
simulation evidence the feasibility of the method for 
realizing the working stability of a variable freedom 
mechanism during configuration transformation ac-
cording to the introduced stability condition. This re-
search has improved the theory of analyzing a variable 
freedom mechanism and provided a basis for pushing 
forward the systematic research of variable freedom 
mechanism. 
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